The role of cellular genes in West Nile virus (WNV) replication is not well understood. Examination of cellular transcripts upregulated during WNV infection revealed an increase in the expression of the src family kinase (SFK) c-Yes. WNV-infected cell lines treated with the SFK inhibitor PP2 demonstrated a 2-to 4-log decrease in viral titers, suggesting that SFK activity is required for completion of the viral replication cycle. RNA interference mediated knock-down of c-Yes, but not c-Src, and similarly reduced virus yield, specifically implicating c-Yes in WNV production. Interestingly, PP2 treatment did not reduce intracellular levels of either viral RNA or protein, suggesting that the drug does not act on the early stages of replication. However, endoglycosidase H (endoH) digestion of the viral envelope (E) glycoprotein revealed that the acquisition of endoH-resistant glycans by E, but not endogenous major histocompatibility complex class I, was reduced in PP2-treated cells, demonstrating that E specifically does not traffic beyond the endoplasmic reticulum in the absence of SFK activity. Electron microscopy further revealed that PP2-treated WNV-infected cells accumulated an increased number of virions in the ER compared to untreated cells. Therefore, we conclude that inhibition of SFK activity did not interfere with virus assembly but prevented transit of virions through the secretory pathway. These results identify c-Yes as a cellular protein that is involved in WNV assembly and egress.
West Nile virus (WNV) is a newly emerging pathogen that has become a significant threat to the U.S. population. First detected in Uganda in 1937, the virus appeared in the United States in the summer of 1999, and since that time it has reemerged each year over an increasing geographical area (1) . Typical of flaviviruses, WNV contains a single-stranded positive-sense 11-kb RNA genome. The genome is translated into a single polyprotein, which is cleaved by host and virus-encoded proteases into 10 functional subunits (5, 20) . The WNV particle is composed of the subunits derived from the amino terminus of the polyprotein: capsid (C), precursor membrane/ membrane (prM/M), and envelope (E). The remaining seven proteins are nonstructural and function in virus replication. WNV infection results in proliferation and reorganization of intracellular membranes into several unique structures that colocalize with specific subsets of viral proteins, suggesting a distinct spatial segregation of the stages of virus replication (24, 48) .
WNV virion assembly appears to occur at the rough endoplasmic reticulum (ER), presumably by budding of the nucleocapsid (NC) into the ER lumen (5, 20, 28) . In the context of viral infection, packaging of the genomic RNA requires NS2A and the replication of the RNA by the viral RNA-dependent RNA polymerase NS5 (16, 21) . The mechanism of NC budding into the ER and acquisition of the viral membrane and glycoproteins is unknown, although a hydrophobic region in the C protein has been proposed to be important in these interactions (23) . The NC is not required for formation and secretion of particles, as subviral particles containing only E and M will form in the absence of the NC (28) . Virions are hypothesized to transit from the ER to the Golgi and trans-Golgi network (TGN) and reach full maturity in the TGN following cleavage of the prM protein into the M form by the host protease furin (37) .
Several host cell factors have been implicated in the replication of flaviruses. Recently, entry of WNV was reported to be mediated by ␣ V ␤ 3 integrin, which leads to internalization of virus via a clathrin-dependent endocytic pathway (6, 7) . Several other cellular proteins have also been implicated in flavivirus replication, including cellular RNA binding proteins that bind to the 3Ј stem-loop (SL) of the viral RNA. One of these cellular proteins, translation elongation factor 1␣ (EF-1␣), has been shown to bind to the genomic WNV 3Ј SL (2) . Other cellular proteins, such as EF-1␣, La, and polypyrimidine-tract binding protein (PTB), were shown to bind to dengue virus RNA (9) . Additionally, the RNA binding proteins TIAR and TIA-1 bind to the 3Ј SL of the WNV minus-strand RNA (19) . Mutations in the viral genome that interfere with binding of these proteins, or growth of virus in cells lacking individual RNA binding proteins, reduce viral replication, demonstrating the importance of these interactions in the viral replication cycle.
The host factors that are involved in virion assembly and trafficking are largely unknown. In this study, we identified a member of the src kinase family, c-Yes, as an important host factor in the WNV replication cycle. Our results demonstrate that c-Yes is involved in the process of trafficking of the assembled virion from the ER.
MATERIALS AND METHODS

Cells and viruses.
Vero cells were propagated in Dulbecco's modified Eagle medium (DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine (Gibco), 100 U/ml penicillin G sodium, and 100 g/ml streptomycin sulfate (Gibco). SK-N-MC cells and HEK 293 cells were propagated in minimum essential medium (MEM) supplemented as above. Infectious WNV was obtained by transfection of viral RNA [WNV (NY99) derived from an infected crow] into Vero cells (15) . Infectious progeny was propagated once on Vero cells, and aliquots were stored at Ϫ80°C. Viral titer was determined by plaque assay.
Viral growth curves and plaque assays. Cell cultures were infected at a multiplicity of 5 in growth medium supplemented with 2% FBS. Virus was allowed to adsorb for 2 h, then washed once in 40 mM Na-citrate, 150 mM NaCl, pH 3.2, for 1 min and twice in phosphate-buffered saline (PBS), and refed with growth medium supplemented with 2% FBS. PP2 (Calbiochem) in dimethyl sulfoxide (DMSO) was added to the indicated concentrations. An equal volume of DMSO was added to control wells. Supernatant was harvested at the indicated time points. In order to isolate intracellular virus, cells were washed three times with PBS and harvested in PBS followed by three rounds of freeze-thaw. For plaque assays, 10 6 Vero cells were plated per well of a 12-well tissue culture dish. Serial dilutions of virus were plated in duplicate and allowed to adsorb for 2 h, followed by overlay with 0.5% carboxymethyl-cellulose (CMC; Sigma). After 72 h, cells were fixed in 10% buffered formalin and plaques were visualized by staining with crystal violet.
Tissue culture (50% tissue culture infective dose [TCID 50 ]) assays. Vero cells were plated at 40,000 cells per well in 96-well tissue culture dishes. Virus stocks were serially diluted from 10 Ϫ3 to 10 Ϫ10 , and each dilution was plated across 12 wells (100 l per well) in DMEM-2% FBS containing the indicated concentrations of PP2 or PP3. At 6 days postinfection, the wells were fixed in 10% buffered formalin, stained with crystal violet, and scored for the presence of cytopathic effect (CPE). Titers were calculated as previously described (8) .
Toxicity assays. A total of 1 ϫ 10 5 SK-N-MC cells were plated per well in six-well tissue culture dishes in MEM supplemented with 2% FBS. PP2 was added to the indicated concentrations, and the cells were incubated for 48 h. Each concentration was performed in triplicate. Cells were removed from the plate by trypsin digestion, resuspended in MEM-2% FBS, and diluted in 0.2% trypan blue. Viable cells were counted using a hemocytometer. For the XTT {sodium 3Ј-[l-(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro) benzene sulfonic acid hydrate} assay, 10,000 Vero cells were plated per well in a 96-well plate and maintained in DMEM supplemented with 2% FBS. PP2 was added at the indicated concentrations (in triplicate), and cells were incubated for 48 h. A standard curve was generated by plating fivefold serial dilutions of cells from 100,000 to 800 cells/well. Metabolically active cells were quantified using the Cell Proliferation Kit II (XTT) (Roche) according to the manufacturer's protocol.
siRNA transfections. Vero cells were plated in 96-well tissue culture dishes so as to be ϳ30% confluent on the day of transfection. Cells were washed and fed with 50 l Opti-MEM (Invitrogen) per well. Each well was transfected with 0.1875 l Oligofectamine (Invitrogen) and 0.3125 l small interfering RNAs (siRNAs) (20 M) in a total volume of 12.5 l Opti-MEM according to the manufacturer's protocol. Cells were transfected a second time 24 h after the first transfection. At 24 h after the second transfection, the cells were infected and growth on transfected cells was analyzed using the TCID 50 protocol described above. The c-Yes-specific duplex sequence was 5Ј-UUAUGAAGCUAGAACU ACAdTdT-3Ј, and the c-Src-specific duplex was 5Ј-GGAACAAAGUCGCCGU CAAdTdT-3Ј. siRNAs were obtained from Dharmacon. The control siRNA was a commercially available duplex that contains at least four mismatches with all known human genes (Dharmacon). Additional cells transfected in parallel were harvested and analyzed by Western blotting to ascertain knock-down of the target. The extent of the knock-down was measured using IPLab Gel software (Signal Analytics Corp.).
RNA isolation and real-time PCR. RNA was isolated from cells using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. Two micrograms of total RNA was reverse transcribed using Omniscript reverse transcriptase (RT; QIAGEN) and 1 M random hexamer primers. One-tenth of the RT reaction mixture was used as a template for real-time PCR (Taqman) using TaqMan Universal PCR master mix (Applied Biosystems). WNV NS3-specific primers were forward, 5Ј-GCACTGAGAGGACTGCCCAT-3Ј, and reverse, 5Ј-TGGGTGAGGGTAGCATGACA-3Ј, and fluorescently labeled probe 5Ј-6-carboxyfluorescein-TACCAGACATCCGCAGTGCCCAGA-tetramethyl carboxyrhodamine-3Ј (4) was used. An in vitro-transcribed RNA was used as a standard for quantitation.
Immunoprecipitation and purification of supernatant virus. For each condition, a 10-cm dish of HEK 293 cells was infected at a multiplicity of 5 with WNV (NY99). PP2 was added to 20 M, and control plates received an equal volume of DMSO. At 20 h postinfection, the dishes were washed with PBS and refed with DMEM containing 0.5 mCi of 35 S-Express protein labeling mix (Perkin-Elmer). Culture supernatants and cells were harvested at 25 h postinfection. Cells were lysed in 0.4 ml buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1% NP-40, and 1 mM phenylmethylsulfonyl fluoride. To immunoprecipitate WNV E, 5 ϫ 10 7 cpm of labeled lysate was incubated in a 0.5-ml total volume of lysis buffer with 1 l anti-E monoclonal antibody (MAb 8150; Chemicon) and 10 l protein A/G agarose (Santa Cruz Biotechnology) at 4°C for 16 h. Beads were washed three times in lysis buffer and boiled for 2 min in 2ϫ Laemmli sample buffer. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by autoradiography. To purify supernatant virus, supernatants from labeled cells (3 ml) were first precleared at 10,000 ϫ g for 10 min in an Eppendorf microcentrifuge. Cleared supernatants were layered over 1 ml 20% sucrose in 50 mM Tris, pH 7.4, and spun at 30,000 rpm for 1.5 h at 20°C in a Beckman SW50.1 rotor. Pellets were resuspended in Laemmli sample buffer, and subjected to SDS-PAGE, and proteins were visualized by autoradiography.
Western blotting and glycosylation analysis. Cells were lysed in buffer containing 50 mM Tris (pH 8.0), 150 mM NaCl, 1% NP-40, and 1% sodium deoxycholate. Proteins were resolved by SDS-PAGE and transferred to Immobilon-P membranes (Millipore). The following antibodies were used: mouse anti-Yes (610375; BD Transduction Labs), mouse anti-␤-actin (A5441; Sigma), mouse anti-WNV E (MAb 8150; Chemicon), rabbit anti-src (sc-19; Santa Cruz), mouse anti-major histocompatibility complex class I (anti-MHC I) (38) , and horseradish peroxidase-conjugated anti-mouse and anti-rabbit antibodies (Amersham). Blots were visualized by Supersignal West Pico chemiluminescent substrate (Pierce) according to the manufacturer's protocol. For glycosylation analysis, WNVinfected cells were lysed in 1ϫ glycoprotein denaturation buffer (New England Biolabs) at 95°C for 10 min. Fifty micrograms of denatured lysate was digested with 1,000 U of endoglycosidase H (endoH; NEB) or 1,000 U of peptide-Nglycosidase F (PNGase F; NEB) for 1 h at 37°C. Proteins were resolved by SDS-PAGE and detected by Western blotting with anti-WNV E or anti-MHC I.
EM. For electron microscopy (EM), Vero cells were infected at a multiplicity of 5 and treated with 10 M PP2 or DMSO as a control. At 24 h postinfection, medium was carefully removed from the cells and replaced with fixative (100 mM sodium cacodylate [pH 7.2], 2.5% glutaraldehyde, 1.6% paraformaldehyde, 0.064% picric acid, 0.1% ruthenium red) for 30 min. After removal of fixative, cells were gently washed in PBS, scraped into PBS, and pelleted in Eppendorf tubes. Cell pellets were postfixed for 1 h in 1% osmium tetroxide plus 0.8% potassium ferricyanide in 100 mM sodium cacodylate, pH 7.2. After thorough rinsing in water, cells were prestained in 4% uranyl acetate for 1 h, thoroughly rinsed, dehydrated, infiltrated overnight in 1:1 acetone-Epon 812, infiltrated for 1 h with 100% Epon 812 resin, and embedded in the resin. After polymerization, 60-to 80-nm thin sections were cut on a Reichert ultramicrotome, stained 5 min in lead citrate, rinsed, poststained 30 min in uranyl acetate, rinsed, and dried. EM was performed at 60 kV on a Philips CM120/Biotwin equipped with a 1,024 by 1,024 Gatan multiscan charge-coupled device, and images were collected at original magnifications of ϫ28,000 to ϫ36,000. Virions (40-to 50-nm electrondense, spherical, enveloped particles) were quantitated in 14 13.125-m 2 fields each for PP2-and DMSO-treated cells.
RESULTS
Induction of c-Yes expression in WNV-infected cells.
In order to identify host genes that are important for viral replication, we performed cDNA microarray analysis on WNV-infected SK-N-MC neuroblastoma-derived cells, reasoning such genes may be differentially regulated during the course of infection. We observed that the level of mRNA encoding the src family kinase (SFK) c-Yes was increased approximately fivefold over the levels in mock-infected cells by 15 h postinfection (data not shown) and that there was a corresponding increase in c-Yes protein during infection (Fig. 1A) . Cellular ␤-actin protein levels remained unchanged throughout infection, indicating that the observed effect is not a general increase of macromolecular synthesis within infected cells (Fig.  1B) .
Effect of inhibition of SFK activity on WNV replication. To determine whether WNV induction of c-Yes protein synthesis is important for viral replication, we examined the effect of an SFK-specific inhibitor, PP2 (13), on WNV replication in cultured SK-N-MC cells. Cells were infected at a multiplicity of 5 and treated with PP2. Infectious virus was collected at the indicated time points and quantified by plaque assay. As shown, treatment of SK-N-MC cells following WNV infection with PP2 resulted in a decrease of infectious virus recovered from cell culture supernatants as well as cell-associated virus at 16, 24, and 48 h postinfection ( Fig. 2A and B) . Similar results were obtained with HEK 293 cells (Fig. 2C and D) , Huh7 hepatocellular carcinoma cells, primary human foreskin fibroblasts, Vero cells, and primary rat neurons (not shown). Toxicity of PP2 was assessed by quantitation of the number of viable cells by trypan blue exclusion following 48 h of treatment with PP2 (Fig. 3A) or by measurement of cleavage of the tetrazolium salt XTT (Fig. 3B) . These assays did not indicate significant cytotoxicity of the compounds at the concentrations used in these experiments. A second inhibitor of SFKs, SU6656 (3), exerted a similar effect on WNV replication, as did the general tyrosine kinase inhibitor genestein (data not shown). These data demonstrate that SFKs (possibly including the identified target, c-Yes) are indeed involved in the replication of WNV. As a second approach to examining the effect of SFK inhibitors on WNV replication, we employed a TCID 50 assay. For this assay, 10-fold serial dilutions of WNV were plated on 96-well plates in the presence of the indicated concentrations of PP2. After 5 to 6 days, wells were scored for CPE and we determined the dilution at which 50% of the wells were infected (8) . Viral titers (expressed as TCID 50 /ml) in the presence or absence of PP2 were calculated as the inverse of this dilution. Because the virus undergoes multiple rounds of replication in this assay, the effect of the drug is amplified, making this assay particularly sensitive. Therefore, we were able to discern effects of lower concentrations of PP2 on WNV replication in this assay compared to single-step growth curves. As shown in Fig. 4A , the TCID 50 titer was reduced approximately 25-fold in the presence of 1 M PP2 and 10,000-fold in the presence of 5 M PP2. PP3, an molecular analog of PP2 that lacks activity against src kinases (44) , has only a modest effect on WNV growth at 5 M. Infection of Vero cells by herpes simplex virus (HSV) was only slightly decreased by 5 M PP2 (Fig. 4B) , compared to the effect on WNV (Fig. 4A) . Additionally, one-step growth curves performed with HSV in the presence of 20 M PP2 showed that viral replication was unaffected (data not shown). These results suggest a specific role for SFK activity in WNV replication, as opposed to a generalized effect rendering the cells unable to support viral replication.
siRNA-mediated knock-down of c-Yes reduces WNV growth. Although the compounds used in the above studies are specific for SFKs, the inhibitors do not discriminate between SFK members. In order to identify which SFK was responsible for PP2 sensitivity of WNV replication, siRNAs were used to specifically knock down expression of c-Yes and c-Src in WNVinfected cells. Transfection with the c-Yes-and c-Src-specific siRNAs resulted in knock-down of protein levels to 14% and 30% of control cells, respectively (Fig. 5A) . siRNA-transfected cells were subsequently infected with serial dilutions of WNV, and the TCID 50 titer was determined for each transfection condition. Cells transfected with the c-Yes-specific siRNA, but not the c-Src-specific siRNA, showed a 50-fold decrease in viral titers (Fig. 5B) . These data suggest that the effect of PP2 on WNV replication is due to the inhibition of c-Yes activity, further supporting the hypothesis that this protein plays an important role in the viral life cycle. exerted at several stages of the viral life cycle, including RNA replication, virion assembly and maturation, or viral egress from the cell. In order to determine if SFK inhibitors affect RNA replication, we examined the levels of WNV RNA within infected SK-N-MC cells using quantitative RT-PCR. At 24 h and 48 h postinfection, times at which a significant decrease in infectious virus titers was observed, we found that viral RNA levels were equivalent in PP2-treated and control cells (Fig.  6A ). In addition, RNA levels were measured in infected Vero cells at 4-h intervals from the start of infection up to 24 h postinfection (Fig. 6B) . Again, PP2 treatment did not result in a difference compared to untreated controls. The function of SFKs during WNV replication, therefore, occurs at a step following viral RNA replication.
We next assessed the effect of PP2 on viral protein levels. Immunoprecipitation of the E protein from lysates of 35 Slabeled cells showed equal levels of E in treated and untreated cells (Fig. 7A) . Furthermore, both samples showed coprecipitation of the expected 25-kDa band, consistent with the size of the prM protein. In addition, direct visualization of the E protein in infected cell lysates by Western blotting also indicated approximately equal protein levels in PP2-treated and untreated cells (Fig. 8A) . These data indicate that SFK activity does not affect protein levels, nor does it affect the association of the membrane glycoproteins.
Inhibition of SFK activity results in a decrease in particle release. We next pelleted virus from the supernatants of the 35 S-labeled, WNV-infected cells used above. As shown in Fig.  7B , PP2 results in a decrease in the amount of pelleted E protein, indicating that PP2-treated cells release fewer viral particles than their DMSO-treated counterparts. Furthermore, the 25-kDa prM band is not visible in either lane, showing that processing of prM by furin has been completed. Therefore, those particles that are released in the presence of PP2 appear to be of the mature form. These data rule out the possibility that the observed decrease in infectious titer was due to an increased production of defective particles. Because we see a reduction in intracellular infectious virus in the presence of PP2, we conclude that SFK activity is needed for virus particles to form, at least to the point of obtaining infectivity. Alternatively, particles may assemble in the ER but remain associated with the membrane so as to be insoluble and, therefore, excluded from the cell lysate used to analyze intracellular infectivity. The reduced number of virions that do assemble (or leave the ER) appear to be able to transit to the TGN, where prM is cleaved by furin, and exit the cell. It is possible that residual SFK activity that exists in the presence of PP2 is sufficient for the production/transit of this residual number of virions. Alternatively, these results may indicate the existence of a secondary pathway of virus assembly and maturation. Inhibition of SFK activity prevents maturation of the E glycoprotein. Inhibition of SFKs may result in mis-localization or aberrant trafficking of WNV proteins, thereby interfering with formation of infectious particles. To test this hypothesis, we treated lysates from WNV-infected cells (with or without PP2) with endoH or PNGase F. EndoH removes immature high-mannose glycans from proteins. High-mannose sugars are added to proteins in the ER. These sugars are trimmed and further modified in the Golgi, conferring resistance to endoH. Sensitivity to endoH is therefore indicative of proteins that have not advanced beyond the endoplasmic reticulum in the secretory pathway (11) . PNGase F removes all glycan moieties regardless of modification. Vero cells were infected with WNV and treated with PP2 (or DMSO as a control) 1 h postinfection. At 24 h postinfection, cells were lysed and treated with endoH or PNGase F. Samples were resolved by SDS-PAGE, and WNV E was detected by Western blotting. As shown in Fig. 8 , treatment of cell lysates with endoH revealed the presence of roughly equivalent populations of resistant samples (equal mobility to untreated samples) and sensitive samples (equal mobility to PNGase F-digested proteins). In contrast, in PP2-treated samples, the proportion of endoH-resistant population was decreased. These data suggest that in the absence of SFK activity transit of the E protein to post-ER compartments of the secretory pathway is impaired. Importantly, MHC I, a cellular glycoprotein, was endoH resistant in PP2-treated cells. Consequently, we conclude that SFK inhibition does not generally impair trafficking of proteins from the ER but either acts specifically on the transit of WNV glycoproteins or, at least, on a subset of proteins that include WNV E (but exclude MHC I).
SFK inhibition allows WNV virion assembly but retains particles in the ER. The observation that E protein was retained in the ER in PP2-treated cells suggests one of two possibilities: (i) the virus assembles but is unable to transit further in the cell secretory pathway or (ii) the virus fails to assemble, and free prM-E heterodimers remain in the ER. In order to distinguish between these possibilities, we performed transmission electron microscopy on WNV-infected Vero cells in the presence or absence of PP2 (Fig. 9) . If virions were observed associated with the ER, this observation would support the first hypothesis, and if particles were not observed this finding would support the second hypothesis. As shown, infected cells in both DMSO and PP2-treated samples had extensive virus-induced membranous structures (designated "paracrystalline arrays" or "convoluted membranes") that are indicative of flavivirus infection (30, 49) . Additionally, the PP2-treated cells possessed large numbers of "pea pod-like" structures that appeared identical to structures previously identified as virions within the lumen of engorged ER (30) (Fig. 9D and E). Virions were also found in electron micrographs of DMSOtreated infected cells, although in smaller numbers (Fig. 9C) . Quantitation of virions in multiple fields of PP2-and DMSOtreated cells (14 fields for each condition) showed an approximately 2.5-fold increase in total intracellular virions and an approximately 5-fold increase in ER-associated virions in PP2-treated cells (Fig. 9F) . Therefore, inhibition of SFK activity does not prevent assembly of the WNV virion but leads to an accumulation of virus particles within the ER. The fact that we observed a reduction of infectious virus within the infected cells following PP2 treatment (Fig. 2B and D) suggests that these virions are noninfectious, consistent with the immature state of virions that are expected to be found in the ER (37, 46) or, as previously suggested, remain in an insoluble, membraneassociated fraction following cell lysis. Additionally, we note that the increase of ER-associated virions observed in PP2-treated cells does not fully account for the loss of infectious virus seen in cells or culture supernatants. This may indicate that virion assembly is slowed in these cells, or that virions "stuck" in the ER are subject to degradation.
DISCUSSION
In the current study, we have observed that the src family kinase c-Yes is upregulated during WNV infection and that inhibition of SFK activity reduces the production of infectious virus. The role of c-Yes in the production of infectious WNV was specifically confirmed using an RNAi-mediated knock- A recent report observed that tyrosine kinase inhibitors, including PP2, reduced neurotoxicity in Japanese encephalitis virus (JEV)-infected neuronal cultures (33) . Analysis of JEVinfected cells treated with the SFK inhibitors revealed that the compounds did not affect production of either viral RNA or protein. However, those authors did not analyze production of infectious virus. These observations are largely in agreement with our results with WNV. Interestingly, we observed a reduction of JEV titers similar to that observed for WNV in PP2-treated Vero cells (data not shown).
The host cell response to flavivirus infection has been characterized in several studies (10, 27, 40, 45) . As might be expected, many of the host genes differentially regulated during infection are proinflammatory genes, such as cytokines or interferon response factors. Additionally, JEV has been shown to induce genes of the unfolded protein response in certain cell types (40) . The process by which cells detect double-stranded RNA or excessive ER protein loads and alter gene expression have been largely defined, but c-Yes has not been implicated in either of these pathways. The mechanism of c-Yes mRNA upregulation during WNV remains unknown. It seems likely that transcriptional upregulation of c-yes is achieved via the indirect activation of one or more cellular transcription factors, since WNV is a cytoplasmic virus. However, it has been shown that the C and NS4B proteins of Kunjin virus (a WNV subtype) translocate into the nucleus, suggesting the possibility of a direct effect on host cell transcription (47) .
Flavivirus assembly is believed to occur by budding of the RNA-containing NC into the ER lumen. This process may involve the interaction of exposed hydrophobic residues on the NC with the ER membrane, although the mechanism of coordination of the NC with the envelope glycoproteins is unknown (28) . Following assembly in the ER, virions are hypothesized to be transported by vesicles into the Golgi apparatus, with subsequent movement through the trans-Golgi, accumulation in vesicles, and release by exocytosis (reviewed in reference 14). Using cryoimmunoelectron microscopy of Kunjin virus-infected cells, Mackenzie and Westaway (25) identified single virions being transported from the ER in vesicles. This step is sensitive to inhibition by Brefeldin A, which interferes with vesicular transport from the ER to Golgi. Our observations suggest that c-Yes may be involved in this process. In contrast, Ng et al. observed formation of nucleocapsids at the plasma membrane as well as in large vesicles in Vero cells infected with WNV strain Sarafend (31, 32) . It is possible that these observations represent two distinct pathways by which the virus can exit the cell. Because we observed a reduction, but not total elimination, of infectious virus in cells treated with PP2 or transfected with c-Yes-specific siRNA, we believe our results are consistent with the existence of a second pathway independent of c-Yes. Indeed, the fact that a cellular glycoprotein, MHC I, traffics normally (Fig. 8B) in the presence of PP2 indicates that movement from the ER to the Golgi apparatus and beyond can still occur under these conditions. Therefore, when the c-Yes-dependent virus-specific pathway is blocked, the virus may be able to traffic via a default secretory pathway, albeit at reduced levels.
The src kinases are a family of protein tyrosine kinases that have been implicated in a variety of cellular processes, such as cell division and cytoskeletal organization (reviewed in reference 43). c-Yes is the most closely related of the SFKs to the prototypical family member, c-Src, with the two proteins possessing greater than 80% homology (41) , and both are expressed ubiquitously (43) . Additionally, these kinases are able to compensate for one another to effect entry into mitosis (34) . Functional redundancy appears to occur between Src and Yes in vivo, since knockout mice lacking either Src or Yes survive, while homozygous knockout mice null for both SFKs develop lethal defects prior to birth (39) . However, the individual phenotypes of mice lacking Src or Yes are dramatically different, clearly indicating that these kinases play nonredundant roles in vivo as well. c-Yes Ϫ/Ϫ mice do not display any overt abnormality, except for reduced trans-cytosis of the poly(immunoglobulin A) receptor (22) . In contrast, src
Ϫ/Ϫ mice demonstrate defects in osteoclast function, poor cell motility, and decreased neurite outgrowth (36) . In this study, we have found that transit of WNV virions is not a shared function of c-Src and c-Yes but is specific to the c-Yes protein. Several cellular functions have been attributed to c-Yes, but not c-Src (42) . Notably, c-Yes, alone of the SFKs, is found in lipid rafts enriched in caveolin in MDCK cells. Some groups hypothesize that this observation may reflect a role for c-Yes in vesicular trafficking or protein sorting (35, 42) .
SFKs have been shown to be involved in various aspects of the replicative cycles of several types of virus, such as hepatitis B virus, vaccinia virus, mouse polyoma virus, and Rous sarcoma virus (RSV) (12, 17, 18, 26, 29) . In the case of RSV, c-Yes is hypothesized to play a role in the budding and release of particles. Residues critical for virus budding (the late [L] domain) of the RSV gag protein have been shown to bind the Yes-associated protein (Yap) in vitro, and the region of Yap that binds the RSV gag L domain is capable of blocking viral egress in vivo. However, a direct role for c-Yes itself in this process has not been demonstrated definitively.
The results of this study demonstrate that WNV trafficking is dependent on c-Yes activity during egress from the ER. However, the WNV E and prM proteins are lumenal, while c-Yes is localized to the cytoplasmic leaflet of intracellular membranes. Moreover, NS5 is the only flavivirus protein known to be phosphorylated, and this event occurs exclusively on serine residues. This suggests that c-Yes does not act directly on the WNV particle but is one component of a larger pathway that controls WNV trafficking. Nevertheless, c-Yes may represent a novel target for therapeutic intervention.
